glutathione (GSH). Serum immunoreactive Gil (lRGIl) and immunofunetional GH (IFGH) eonccntroltions were detennined using two spccifk imrnunOa5says, in nonreduced (-GSIl) and reduced (+GSII) states. Data Wl'TC analyz<--d using repeatL-d-mea.~ures ANOVA. R{'sullS: No differences were observed in the Gil responses of the two training programs; then-fore, tmining b'TOUP data were combined for analysis. GSII reduction increased the mean Gil signal (-GSH: 1. , numerous studies have dcmonstratcd Ihat exercise of sufficienI intensity and dumtion elicits increases in circulaIing growth honnone (GH) concentrations (7, 9, 15, 25) . However, the majority of these studies have largely ignored the two mosl imponant chamcteristics of GH physiology: its pulsatile release pattern and iL<; molecular hcterogeneity. Utilizing dcconvolution analysis, the importance of the circadian rhythm underlying GI·[ release at rest and how it can be modulated by acute exercise have been adequately characterized (14, 21, 22, 27, 30, 31) . Although the pulsatile nature of GH may exert strong inlluences 011 eventual cellular adaptations, it is also evident 581 that the structurc of the molecule drives ils ultimate function at the target tissue (26) . For instance, size exclusion chromatography (12) or exclusion assays (28) have been used 10 demonstmte that exercise leads to the appearJnce of diffcrenl GH isofonns into the circulation. After chronic exercise training, these different GH isofom1S may offer a partial explanation for the disparate phenotypic outcomes as a result of differenI modes of chronic exercise tmining (20) .
In addition to alternative mRNA splicing of the GH-N gene leading to different isofornls (e.g., 20-kDa GH), other molecular weight variants include dimeric and oligomeric complexes, such as GH bound to GH-binding protein (GHBP) or GH molecules bound to one another via either covalent or noncovalent bonds (I). Because binding ofGH to its receptor requires free molecules with two intact binding siles, GH bound to GI-LBP would not bc available lor receptor binding; however, the potential for receptor dimerization is less evident for GH molecules bound to one another by disulfide bonds. Investigations by Rubin el a1. (23) and Hymer et al. (12) have established that when compared with resting serum samples, chemically reducing serum samples with glutathione (GSH) during and after acutc exercise leads to a preferential appearance of disulfide-linked GH molecules. More recently, investigations have demonstrated that Acute exercise test. Both before and after the 8-wk physical training programs. subjccts perfonned an acute resistance exercise test (AREn. This ARET was comprised of six sets of the individual's 10 repetition maximum (I0-RM) squat, separated by 2-min interset rest periods (12) . and chosen duc to the previous success in subject ta. lerancc and the ability to pcnurb the hormonal milieu. The initial IO-RM weight was approximated as 75% of the subjcct's one repetition maximum (I-RM) measured during prccxperimental testing sessions. Strong verbal encouragement was provided !O the subjects so as to have them complete a full sct of 10 squats with good fonn. If a subject could not successfully perfonn 10 repetitions, the weight was readjusted to facilitate completion of 10 full range of molion repetitions.
Blood sampling and handling. Before the initiation of each ARET, a venous cathetcr was inserted in a foreaml vein with a saline lock to maintain catheter patency. Subjects had venous blood drawn before (pre), after three sets (mid). and immediately Hllcr (post) as well as 15-and 30-min after (+15 and +30, respectively) of the ARET. Blood samples were allowed to clot at room temperalure and then centrifuged at 3000 RPM for 20 min at 4°C. After separ.uion, serum aliquots were frozen and stored at -800C unlil chemical or water treatment and subsequent assay work were performed.
Chemical reduction of serum samples. At each time point, blood was sampled relative to the ARET (sec above); the frozen serum sample was thawed and separated into two 225-IA-L aliquots. One of the aliquots was combined with 25 IA-L reconstituted glutathione (GSH) (SigmaAldrich, SI. Louis, MO) at a final concentration of 10 roM (+GSH), whcreas the other aliquot was combined with 25 IA-L deionized H!O serving as the nonreduced internal control (-GSH). After the addition of GSH or deionized H 2 0. the samples were incubated at room temperature for 18 h (12) . and GH concentmtions subsequently detennined in their respective assays.
Assays. IRGH concentnllions were detennined on a commercially available two-site immunoradiometric (IRMA) assay fiom Diagnostic System Laboratories (DSL. Wcbster. TX). Briefly, this noncompetilive assay used polypropylene tubes coated with an immobilized antibody specific for the GH molecule. After introduction of serum samples in either nonreduced (-GSH) or reduced (+GSH) states to the coated lUbes. a second GH-specific antibody radiolabeled with I 12S was added. According to the manufacturer. only GI-I molecules that arc bound to both antibodies arc detected in the assay. Inter-and intraassay coefficients of varialion (CV) for the IRGH IRMA measured in our laboratory were below 8.0"/0.
The work from Strasburger et al. (24) lead 10 thc development of DSL lFGH assay. This assay was an enzymatically amplified "two-step" ELISA sandwich-type assay, which used a specific monoclonal antibody and a biotinylall::d recombinant GHBP targetcd 10 GHR-binding siles post hoc analysis (least significant difference) was used to detennine statistical differences for within-subject factors. All statistical analyses were perfonned on SPSS, version 15.0 (SPSS Inc., Chicago, IL).
RESULTS
Because the main outcome of this investigation was to examine the GH rcsponse to both acute and chronic physical training and GH concentrations measured before, during. and after the ARET were not statistically different betwecn the two 8-wk c.xercise training programs (Anny Siandardizcd Physical Training and experimental Anny training program), data from the two physical training groups were combined for all analyses. Additionally, for both lRGH and IFGH assay data. the original subject number of n = 17 was reduced 10 II =0 14 for data analysis, as three subjects who completed the study consistently fell below the manufacturer's reponed sensitivity values in both IRGH (0.01 IA-g'L-I) and IFGH (0.06 JLg'L-1) assays.
Body composition, strength, and performance outcomes. As a result of thc 8-wk physical training, total body mass did not change significantly (pretraining: 82.8 t 3.2; posttraining: 82.7 t 3.2 kg; P > 0.05); however, accounting for this nonsignificant change, lean body mass increased (pretraining: 63.8 t 2.1 kg vs posttraining: 65.6 ± 2.1 kg; P < 0.01) and fat mass decreased (pretraining: 19.1 t 2.4 kg vs posttmining: 17.1 i 2.5 kg; P < 0.01) after the training regimens. As with Ihe GH response to acute exercise, these differences were not dependent on the mode of chronic training (10) .
In add ilion, several measures indicative of performance improvement occurred as a result of 8 wk of chronic physical training. Moreover. these measures were not dependent on the mode of exereise in which the subjects panicipated (10). For instance, as a resull of the training, VOln,ax increased 11.8% from baseline (pretraining: 48.4 t 1.6 mL'kg-I 'min-1 vs posttraining: 54.1 ± 1.4 mL'kg-I'minl ; P < 0.01). In addition, measures of both upper and lower body strength increased after 8 wk of chronic training. Specifically, the subjects' I-RM bench press increased by 11.1% (pretraining: 74.6 ± 3.8 kg vs posttraining: 82.9 ± 3.4 kg; P < 0.01). and their I-RM squat
that the mean IFGH concentmtion significantly increased (P < 0.01) throughout the ARET to a peak. at inunediateIy postexercise (pre-ARET: 0.2 ± 0.1 IJog'L-1; mid-ARET:
1.9 ± 0.5 jJ.g-L -I: and posl-ARET: 3.8 ± 0.7 IJog-L-I). In the postexercise recovery period, IFGI-I conet.--ntrations began to return toward prccxcrcise values but remained above baseline values (P < 0.01) 30 min into recovery.
Unlike the lRGH concentralions, chemical reduction wilh GSH did nOI increase IFGH concentrations as measured in the IF ELISA. Figure 1 illustrates thaI when GSH was added to the serum samplcs. no significant differences were noted in the mean lFGH concentration (-GSH: 2.3 ± 0.4 vs +GSH: 2.4 ± 0.3 J.lg-L-I; P = 0.62). However, similar to IRGH concentrations, no significant effects were observed in the IFGH response after chronic physical training (pretraining: 2.7 ± 0.6 J.lg·L -1 \'s posttraining: 2.0 ± 0.4 IJogL-I; P '" 0.30). Funhennore, 8 wk of chronic physical tmining had no significant effect on the mean IFGH AVe (prctmining: 128.2 ± 28.0 J.lg·L -t'min-I vs posnmining: 102.5 ± 22.4 jJ.g-L-I'min -1; P = 0.49) or the percent increase in IFGH AVe after chemical reduction (P = 0.96) (Fig. 3) .
FtGURE 2-After ehemicat nduetion or serum sampks with GSII, tRGI! concrtllratio'U ..-ne augmented al Mid. Post, +15, and +30 min of the ARET, 5Uggl'i"fing lhat disulfidt-link\"d IRGH aggrcgalCS \'I'ere p~",f al thne linlt poinls. *p~0.05 nn;us -CSII condilion. ValuC!l are prl'Sentcd as means t SE; n -t4.
This study evaluated the effects of 8 wk of chronic phy· sieal training on ooncentr.1tions of IR and IF disulfidelinked GH aggrcgalcs during and after an ARET. As GH exhibits a great deal of molecular heterogeneity, which is thought to possibly influence biological activity at the target lissue (26, 28) , it is important to study whether exercise can induce alterations in the structural composition of the GH molecule, thereby potentially modulating GH action. The current invcstigation used two novel methodologies in an attempt to glean more information on the impact that acute exercise and chronic physical training exen on GH physiology: 1) chemical reduction via GSH to examine strength increased by 18,WIo (prclrnining: 86.6 ± 4.1 kg vs posttraining: 102.2 ± 4,2 kg; P < 0.01).
IRGH. Before the ARET. mean GH conccntralions were 0.05 t 0.03 IJ.g·L-I and increased significantly (P < 0.05) throughout rhe ARET to a peak of 2.8 ± 0.6 ILg"L-1 at the post·ARET lime point. After the tcnnination of the acute exercise bout. GH concentrations declined but remained above baseline concentrations 31 leasl for 30 min into recovery (1.4 ± 0.3 j..I.g-L -I; P < 0.05). After reducing the samples with lO-mM GSH, the mean IRGH concentration increased from 1.3 ± 0.2 10 I.7 t 0.3 j..I.g-L-I (significant main effect of GSH reduction; P < 0.0 I), representing a 26% increase (Fig. I) . Upon further inspection of thc ARET response, post !we tcsting revealed thilt the +GSH treatment increased mean IRGH concentrations over -GSH treatment (P < 0.01) at mid-ARET (1.3 ± 0.4 vs 1.1 ± 0.3 j..I.g'L -I), post-A RET (3.0 ± 0.6 vs 2.5 ± 0.6 jJ.g·L -I), +15~min (2.5 ± 0.4 vs 1.9..t: 0.3 jJ.g·L-I), and +30 min (1.6 ± 0.4 vs 1.2 ± 0.3 jJ.g·L -I), indicating that disulfide-linked IRGH molecules wcre present for at least 30 min after acute resistance exercise (Fig. 2) . rurthemlore, the IRGH AUe analysis revealed that Ihe tOlal output of IRGH during the AET increased as a resull of chemical reduction (-GSH: 68.7 ± 11.4 jJ.g·L -I'min-I vs +GSH: 86.7 ± 14.0 j..I.g·L -I'min-I ; P < 0.01). As a result of 8 wk of chronic physical training. thcre were no slatistically significant effccts observed on the mean IRGH response (pretraining: 2.0 ± 0.5 J.lg·L -I vs posttraining: 1.1 ± 0.2 jJ.g'L -I; P = 0.21), the IRGH AVe response (prclraining: 97.3 ± 27.0 jJ.g·L -I'min-I \'5 posttraining: 58.0 t 12.1 jig'L -I'min-I ; P = 0.26), or the lRGH AUe response after chemical reduclion (P -0.30) (Fig. 3) .
IFGH. In addition to IRGH. an acute bout of resistance exercise aL<:o lead to the appearance of molecules capable of GIIR dimcrization (molecules containing both receptor sitcs). In a pmtern similar to IRGH. post hoc analysis revealed disulfide-linked GH aggregates and 2) comparison of II conventional rR assay to an IF assay that detects GH molecules based on the interaction between the molecule and its receptor that is required before cell signal transduction. Our findings dcmonstmtc 1) that disulfide-linked aggregates of lRGH arc present during and after acute resistance exercise and persist for at least 30 min into the recovery period, 2) that this response pattern is not altered by chronic physical training, and 3) that chemical reduction did not increase the concentration of IFGH, suggesting that these molecules are not linked via disulfide bonds.
In contrast to the study by Rubin et a1. (23) , which demonstrated that disulfide-linked GH aggregates were present during but not after acute aerobic exereise in men, we report that disulfide-linked GH molecules remain present during and after acute resistance exercise into the recovery period in mcn. Hymeret al. (12) also reponed that disulfidel inked OH aggregatcs are present immediately after acute resistance excrcise in women; however, plasma GH eonc entrations were only measured pre-and immediately postẽ xercise in their investigation. An explanation for this disparate response could be the modes of exercise used: incremental aerobic exercise used by Rubin et a1. (23) versus resistance exercise with constant relative workload used by Hymer et a1. (12) and the current investigation. Although the reason for a disproportionatc GH response is not apparent, it may be that aerobic and resistance exẽ rcise exert a disparate release pattern for GH variants of altered biological half-lives (28) that may modify downs tream GH function (lipolytic vs somatogenic actions) (18).
As a consequence of the 8 wk of chronic tmining, measures indicative of positive changes in perfornlance and body composition were observed; however, there were no differences observed between the two tmining groups (10) . In accordance with GH's mctabolic properties, as well as its potcntial for altering body composition due to exercise training, we also observed no differences in the GH responses to acute exercise between the two exercise tmining programs. A possible explanation for this finding is that the two different exercise programs both involved wholebody exercise, gradually progressed throughout the training, and also shared in some overlap in terms of nmning and sprinting exercises (10) . Therefore, given the time constraint of 8 wk, we were not able to distinguish any statist ical differences between the two exercise training groups. Perhaps, if the study were of longer duration, we may have observed more discemable changes in perfonnance and body composition, both of which might be explained by differences in the honnollal milieu.
In contmst to our hypothesis, we did not observe a significant decrease in the exercise-induced GH response (using the same relative workload) after 8 wk of training. However, a previous investigation by Weltman et al. (29) demonstrated that the exercise-induced GH response is diminished after 6 wk of chronic aerobic training when exercising at the same absolute workload. [n agreement with our study, Kraemer et al. (16) showed no difference in GI-I immunoreactivity after 24 wk of chronic resistance training III women. More importantly, they demonstrated that GH bioactivity increased among all the fractions examined. Therefore, despite the current apparent decrease or the previous significant decrease (29) in the exercise-induced GH response after chronic exercise, the GH released into the circulation may be of higher bioactivity after chronic training. [f the GH response to acute exercise is reduced after chronic exercise training, then altering the binding potential of the molecules released could be an important regulatory step in mediating GH biological activity at selected target tissues.
The importance of disulfide-linked GI-I molecules has not yet been fully elucidated; however, there are some interest ing speculations about this phenomenon. One potential reason for the forutation could be to extend the biological half-life of the GH molecule (2,28), whereas another plausible reason for linking molecules together may be to create functional molecules from potentially nonfunctional molecules (e.g., antagonists) (17, 32) . As demonstrated by Langerheim et al. (17) , substituting the Gly residue for an Arg on the GH molecule (hGH-G 120R) results in a mutated molecule with only binding site I intact (site 2 is rendered nonfunctional). The mutated GH molecules were then linked to foml homodimeric complexes and had their functionality evaluated via the Nb2 cell bioassay. Interestingly, the dimeric complexes with each constituent of the complex having only an intact site I due to the mutation were capable of inducing ill vitro cell prolifcration (17) . Subsequent investigations also demonstrated that G 120R dimeric complexes also lead 10 JAK2 phosphorylation and downstream STAT5 activation in a human fibrosarcoma cell line (CI4), albeit with less activity than intact GH molecules containing both binding sites (32) . Relating this to the current study, if the IRGH molecules detected only had binding site 1. it is possible that they could possibly interact with the LRMA immobilized antibodies but not interact and translate into an assay signal in the IFGH ELISA (requiring both binding sites). Thus, LRGH may not be considered bioactivc by standards of the IFGH ELISA, but if the IRGH molecules were disulfide-linked in response to acute exercise as indicated presently, dimeric GH may still inducc signal transduction with the GHR by having only two site I available for binding (17, 32) . Ahhough not statistically significant, thc percent change in IRGH AUC with GSH reduction during acute exercise appeared higher after chronic cxercise training, suggesting that a higher percentage of IRGH was disulfide-linked after 8 wI.: of exercise. Bioactive molecules as measured by the IFGH assay already have two intact binding sites required for receptor dimerization and would not have to be disulfidelinked to induce signal transduction at the target cell (demonstrated by our inability to observe increased IFGH concentmtions with (;hemical reduction in response to acute and chronic exercise). lbercforc. it is plausible that aggreg3-tion of GH molecules, due to acute and chronic exercise, is one mechanism to enhance biological activity of IRGH molecules. which only contain one binding site and othcrwise might not be able to initiate cellular signal transduction.
Our findings indicate that in addition to an IRGH molecule only. acute exercise also leads 10 the release of IFGH. which is in agreement with previous investigations (4.12.19,23.27). However. in contrast 10 the existing studies that have examined IFGH responses to acute exercise and have consistently observed that the IF concentrations were about 50010 of the lRGH concentrations (4,19,27), we observed that the GH concentrations measured by thc IF assay wcre higher than Ihe lR concenlrations. It is imponant to nOle thai we used a different assay for measurement of IRGH (DSL IRMA) than the previous studies (DSL hGH ELISA (4) or Nichols IRMA (19,27)). Although our observation that IFGH concentrations were higber than IRGH concentrations cannot be fully explained and differs fTom previous reports, this finding was confinned by independellt laboratory analysis (unpublished observations). Consitt ct a!. (4) also reported that in resting conditions, IFGH concentrations were higher than IRGH at rest, lending the to tbe notion that the IFGH assay may detl.:et segments and fragments of GH that are not detected in the IRGH assay. Imponanlly. the documented disparity for GH measurement across immunoassays can be attributed to antibody specificity, matrix effccts, refcrence standard preparation. and tracer used (6, 13) .
Although the potential modulation of GH bioactivity through aggregation is interesting, some additional limitations of the currently used IFGII assay must be considered. In comparison to available bioassays (8.33), the IFGH ELISA assay only allows infonnation to be gleaned at the extmcelJular level and tbe membrane (e.g., GHR). whereas intracellular signaling cascades remain largely uncharaeterizcd. However, a rccenl study by Consin et al. (5) TCpOrted that in response to acute aerobic exercise. thc absolute change in TFGH as well as the peak IFGII concentrations were related to thc fold change in STAT5 phosphorylation, demonstrating that molecules detected in the IFGH assay most likely arc capable of initiating postreeeptor intracellular signaling. As a cavcat, molecules detected in the IFGH assay arc deemed biooctive by containing both sites necessary for GHR dimcrization: however, there also has to be an adequate number of receptors available at the target cell (dependent on up-or down-regulation of receptors, saturation kinetics between GH and its receptor, necessary confomlational receptor changes, etc.), all of which occur before the downstream intracellular signaling. How the possible altcmtions in the bioactivity of GH and differential outcomes resulting from long-tenn aerobic and resistance exercise training (decreased body fat and increased lean mass) remains to be explored.
In conclusion. we demonstrated that both IRGI-I and IFGII molecules are present in the circulation during and after an acute resistance exercise boul. However, after treating the serum samples with a reducing agent, GSH, we observed that only IRGH concentrations increased during acute excrcise and remained elevated until 30 min postexcn::ise, suggesting that only molecules delected in the IRGH assay appear to be disulfide-linked. Moreovcr. this GH response to acute excrcise. although diminished after 8 wk of exercise training, ""'as not significantly different from pretraining values. With specific regard for the current study. although the physiological significance of acute exercise-induced disulfide-linked GH aggregates is still unknown and concentrations appear reduced after exercise training, it is possible that aggregation of GH monomers may contribute to enhancing biological action postacute exercise. Collectively, alterations in the structure of GI-I moieties after acute exercise may represent important regulatory steps in mediating GH biological activity at selected target tissues. Future investigations may wish to explore the usc of bioassays and examine effector proteins within the GH signaling cascade (5) in an attempt to clarify the role of acute and chronic exercise-induced GH aggregation.
The results of the present study do not constitute endorsement by ACSM. The opinions or assertions contained herein are the private views of the authofs and are not to be construed as 0ffi-cial or as reflecting the views of the Army or the Department of Defense. Citations of convnercial orgarizations and trade names in this report do not constitute an official Department of the Army endorsement or approval of the products or seMces 01 these organizations.
GH dimers may also induee GH receptor (GHR) dimerization and signal trunsduction (17, 32) . The role that circulating disulfide-linked GU molecules have during exercise remains to be investigated. particularly in lerms of chronic exercise response panerns.
Immunoassays used in the measurement of GH can vary considerably in antibody specificity and reference preparation (3) and may also lack some precision in assessing GU bioactivity. Bioassays measuring in l'itro cell proliferation (33) or in l'il'Q tibial growth (8) may provide a bener understanding of signal transduction induced by GH molecules, yet they can be time consuming and costly. Altemalively, Strasburger et a!. (24) developed an ELISA for the detection of GU molecules possessing both binding sites intact for signal tmnsduction using an anti-GH monoclonal antibody and a biotin-labeled rccombinant GHBP. Because this immunofunctional (IF) assay only detects GH molecules capablc of dimerizing GHR, it has becn proposed that this assay become the gold standard for diagnosing GH bioactivity (24) . The few studies that have used this assay indicate that IFGH (GH molecules that have the capability co initiate signal transduction at the target cell) only represents approximately 50"10 of the tOlal GH concentration (4, 19, 27) . Although Ihe LFGH assay docs not directly assess a physiological OUlcome, it docs provide insight on GHR binding and could provide further evidence on the bioactivity of the GH dimer.
Exercise of sufficient intensity can lead to a robust responsc ofGH and its molecular variants (12, 16, 28) , but the mechanisms leading 10 their preferential release and what role these variants play during and after exercisc remain unanswered. One of these variants, disulfide-linked GH. is released in response to aeutc excrcise (12, 23) , and its functional cffect may be I) to sustain thc biological half-life of GH or 2) to cstablish function in nonfunctional molecules. Currently, the only studies examining this particular exercise-induced rcsponse have only been designed around acute bouts of aerobic (23) and resistance exercisc (12) , whereas no studies have cxamined the chronic effccts of physical training on this response. Therefore, the purpose of this study was to test the hypothesis that the acute excreiseinduced appearance of the disulfide-linked GH aggregates would be altered by 8 wk of chronic physical lraining. A secondary purpose of this investigation was to detennine how acute and chronic exercise possibly alters the GHRbinding potential of disulfide-linked GH aggregatcs as compared between the immunoreactive GH (lRGH) and the immunofunctional GH (lFGH) assays.
METHODS
Subjects. Seventeen healthy, untrained men (28 ± I yr) were recruited for this study, had all experimental methods explained to them, and only participated in these studics after giving their fTcc and voluntary wrinen informed conscnt. Their physical characteristics (mean ± SE) were as follows: height = 177.6 ± 2.0 cm; weight = 82.9 ± 3.2 kg; body mass index = 26.3 ± 1.0 kg'm-2. All were prescrccned \'I'a a health history examination, a physical examination by a physician, and werc excluded if they had any conditions known 10 affect hormonal responses. Before implementation, all methods were reviewed and approved by thc Human Usc Review Committee of the US Anny Research Institute of Environmental Medicine. The investigators adhered 10 the policies for protection of human subjects as prescribed in Army Regulation 70-25, and the research was conducted in adherence with the provisions of 32 CFR Part 219.
Experimental design. The study was designed to examine the effects of chronic (8 wk) physical exercise training on acute resistance exercise-induced hormonal responses. Toward this end, subjects were randomly assigned to one of two training regimens aimed at improving performance on simulated battlefield physical activities (e.g., load carriage and physical training) and performed an acute resistance exercise tcst (ARET) before and after the chronic training. The two 8-wk training exercise programs were I) the rcccntly implemented AmlY Standardized Physical Tmining lhat consisted mainly of calisthenics, body weight excreiscs, and running and 2) an experimental Army tmilling progmll1 that emphasized free weight and machine exercises, agility drills, and interval running. Both groups trained for 1-1.5 h'd-I , 5 d'wk-1 , for the 8 wk oflraining ([0). Table I provides a detailed description of the two training regimens designed to improve performance on the military tasks. 
